Introduction
Atmospheric photooxidants are responsible for the removal of carbon monoxide (CO), methane (CK), nitrogen oxides (NO, NO2), dimethyl sulfide (DMS), sulfur dioxide (SO2) and halogenated compounds and thus control particle formation, the buildup of greenhouse gases and ultimately climate change. Hydroperoxides (ROOH) contribute to the oxidizing power of the troposphere [Lee, et al., 20001 , defined as the total burden of ozone (03), HO, radicals and hydrogen peroxide (H202), and also constitute an important radical reservoir. There is increasing evidence that polar snow packs influence the overlying atmosphere by uptake and release of NO,, 
014)
The main photolytic source of ROOH is the combination of peroxyradicals:
HO2 + HO2 -+ H202 + 0 2 RO2 + HO2 -+ ROOH + 0 2 However, competing reactions with NO, which represent also the core of photochemical O3 production in the troposphere, can suppress the formation of hydroperoxides depending on the level of NO present [Kleinmann, 1991; Stewart, 19951: NO + HO2 -+ NO2 + OH NO + CH300 (+ 0 2 ) -+ NO2 + HCHO + HO2 (R5) (R6) Observations from South Pole during the polar day show that H202 first increases with increasing NO, and decreases once NO levels exceed 100 pptv [Hutterli, et al., 20041. With methane as the only significant organic peroxy radical precursor at remote sites, methylhydroperoxide (MHF', CH300H) is expected to be the dominant organic peroxide in Antarctica. Photolysis and attack by the OH radical are the main photochemical sinks for hydroperoxides.
H202 + hv + 2 0 H (R7), (h < 355nm) CH300H + hv (+ 0 2 ) +' HCHO + OH + HOz (R8), (h < 360nm) H202 + OH -+ H20 + HOz CH300H + OH -+ CH300 + H20 (R9) (R10) Wet deposition affects the highly water soluble H202 and less so higher organic peroxides. This follows from the fact that the Henry's Law constant for MHP is only 0.1 % of that for H202 [Lind and Kok, 19941 . Dry deposition of ROOH above snow and ice surfaces can also impact atmospheric levels, as model studies at South Pole showed [Hutterli, et al., 20041 . It has to be noted though that deposition is reversible for these gases and changes in temperature of the surface snowpack drive a cycle of emission and uptake until the top layer is buried by additional accumulation and disconnected from further exchange [Hutterli, et a/., 
19961.
The only Antarctic hydroperoxide data available are summer observations of H202 at South Pole [Hutterli, et al., 2004; McConnell, et al., 1997b] , spot measurements from a traverse in Dronning Maud Land (73-76"s) [Fuhrer, et al., 19961 and observations over various seasons at the coastal Neumayer Station [Jacob and Klockow, 1993; Riedel, et al., 20001. The main goal of our study was to understand factors controlling the photochemistry of hydroperoxides in the background atmosphere above Antarctica, away from anthropogenic and biogenic emission sources and across a wide gradient of temperature, accumulation rate, latitude and elevation. There are two motivations. First, hydroperoxides are 'diagnostic tools' of atmospheric oxidation capacity (e.g. Riedel, et al., 2000 and, Lee, et al., 2000 , however a quantitative link to polar HO, radical levels is lacking. Second, a quantitative understanding linking ROOH, oxidant levels, solar radiation and climate is essential to interpreting variability in ROOH from ice cores in terms of atmospheric change.
Methods
We measured concentrations of atmospheric hydroperoxides in ambient and firn interstitial air above the West Antarctic Ice Sheet (WAIS) during three 2-month-long ground traverses from 2000 to 2002 ( Figure 1 ; Table 1 ). Sinks and sources of ROOH were also investigated, including radiative conditions, atmospheric properties and snow-atmosphere exchange. Results were integrated using a photochemical box model. Traverse routes connected low-elevation WAIS regions with the cold and dry East Antarctic Plateau (Table 1) . Each site was occupied typically for 1-4 days and atmospheric experiments were carried out 500 m upwind from the main camp in a Scott Polar tent (2000) and a heated Weatherhavenm shelter mounted onto a sledge (2001) (2002) . Mixing ratios of atmospheric hydroperoxides were monitored continuously using a 2-channel method, with total peroxides determined in channel 1 [e.g. Jacobi, et al., 20021 and the amount and speciation of individual peroxides measured in channel 2 (Figure 2 ). For each channel ambient air was drawn through an insulated, heated PFA (Vi" I.D.) intake line (typically 1.4 STP-L min-') mounted at -1 m above the snow.
Peroxides were scrubbed from the air stream into aqueous solution and analyzed using a fluorescence detection method [Jacobi, et al., 20021 . A number of instrument upgrades were made following the 2000 field season to improve performance. Separation of H202 and organic hydroperoxides was achieved using HPLC [Kok, et al., 1995; Lee, et al., 19951, involving automatic injection of a 912 p1 sample every 10 minutes, with post-column chemistry and detection as in channel 1. Instrument response was calibrated 1-2 times per day with commercially available H202 and MHP standards synthesized in our lab [after Rieche and Hi&, 19291. Firn interstitial air was sampled at 6 sites by periodically alternating a single intake line between ambient and fim air every -30 minutes over a 4-6 h period. To sample f m air a hole was cored to -10 cm depth, the intake line inserted and snow packed around the line.
Channel 2 output was linearly interpolated to the sample times of channel 1 (1 value per 10 s) and used to correct channel 1 for contributions of organic peroxides. Collection efficiencies (CE) for MHF' determined in the lab at 5.8 "C and 13.0 "C to be 0.86 and 0.75, respectively, were in agreement with Henry's Law (equilibrium constants adopted from Lind and Kok, 1994) .
Therefore data were processed with CE calculated according to Henry's equilibrium using coil temperature and pressure. Coil temperature was controlled to within 0.1 K and coil pressure estimated based on observed ambient pressure. The variability in ambient pressure on ITASE (range 690-840 mbar) would lead to overestimates of CE by up to -4%, if not accounted for.
Liquid flow rates were corrected for evaporation occurring in the coil scrubbers with corrections being generally on the order of 5%.
The limit of detection (LOD), defined as 3 times the baseline standard deviation, for H202 from channel 1 was 50 pptv during the first two field seasons and 30 pptv during the last one. The precision was usually better than 20 pptv. MHP measurements from channel 2 had a LOD of 4 5 0 pptv in 2001 and <30 pptv during 2002 with precisions amounting to 60 pptv.
Overall accuracy of the measurements for both species is better than 20%, where the largest contributions to the overall error originate from the uncertainties in liquid flow rates and coil pressure (MHP only). Most H202 data reported are from channel 1, with H202 from channel 2 only used in the case of data gaps.
Firn and ambient air formaldehyde (HCHO) levels (24-hr averages) were determined using Sep-PakB DNPH-Silica Cartridges (Waters, Milford, MA) containing acidified dinitrophenylhydrazine reagent coated on a silica sorbent [Kleindienst, et al., 19981 . Sample air (2200 to 3000 L) was pumped through an ozone scrubber and then through the cartridge, which was mounted in an insulated housing and kept above freezing. Intake lines were also insulated and heated, as noted above for ROOH. After sampling sample cartridges (including blanks) were sealed, wrapped in aluminum foil and transported frozen back to the US for analysis. Balloon soundings using RS-80 (Vaisala, Helsinki, Finland) radiosondes attached to a helium-filled balloon were carried out frequently in order to determine the thermal structure and ozone profile of the atmospheric boundary layer. During a typical sounding experiment, the balloon was frequently raised and lowered over a time period of -1 hr at a rate of 1-2 m s-' using a 1000 m long tether and an electric winch. Air temperature, atmospheric pressure and relative humidity were transmitted to a ground station consisting in radio antenna, receiver and a computer as a data logger. In 2001 ozone was measured at the ground level in between tethered balloon launches. In 2002 surface ozone was determined continuously at each site using a 2B Technologies (Golden, CO) ozone monitor [Helmig, et al., 20021 . Instruments were usually placed in the heated tent and a Teflon sample line was passed to the outside and mounted 1 m above the snow about 2 m away from the tent.
We used the NASA-Goddard Flight Center (GSFC) point photochemical model to integrate and evaluate measurements [Stewart, 20041, with modifications necessary to simulate the Antarctic boundary layer. The model chemistry contains a basic NO,-H0,-0, scheme including methane, ethane and ethene oxidation, but with the addition of a simplified DMS oxidation scheme [Sander and Crutzen, 19961. There are 30 variable species undergoing 70 reactions. In addition to chemical production and loss, several species are assumed to have physical sources and sinks, most importantly NO, H202, and HCHO. These were varied sinusoidally with the solar elevation angle, the maximum flux occurring at the maximum solar elevation angle. Fluxes were converted to source values by assuming they are distributed through a 250 m boundary layer. Deposition velocities are mostly from Huuglustuine et al. [ 19941, except that the rate for HCHO was taken for the same as that for CH3CH0.
Model runs were constrained with time series of atmospheric chemistry and meteorology data. Total ozone burden was extracted for each location from the Total Ozone Mapping Spectrometer (TOMS) dataset (ftD.toms.gsfc.nasa.gov). Data gaps were filled using scaled Dobson meter measurements from South Pole. CO, Cl& and surface-ozone data were available from the NOAA CMDL air sampling network station at South Pole (ftD.cmdl.noaa.gov). Based on a comparison with ozone measurements during ITASE, the surface-ozone time series fiom McMurdo-Arrival Heights on the coast were considered representative for the West Antarctic Ice Sheet, while time series from South Pole were taken for sites on the Antarctic Plateau. AWS (Automatic Weather Station) data from Byrd Station (httd/uwamrc.ssec.wisc.edu/) and the South Pole (ftp.cmdl.noaa.gov) provided the meteorological input of air temperature, atmospheric pressure and humidity. was observed at 02-2, the only site with a value above 0.5.
Results

Atmospheric concentrations of peroxides
Firn air measurements
A total of 8 sets of firn air measurements were carried out, mostly between local noon and local midnight (median solar time 16:40). In 6 of the 8 sets, fim-air H202 was 1.3-3.5 times ambient air concentrations (Table 2) with gradients between the upper 10 cm of snow and the atmosphere ranging between 0.1 and 13.3 ppbv/m. These gradients assume that the shallow layer above the snow surface is well mixed and H202 levels between the air-snow interface and measurement height of 1 m are the same. Note that fim and ambient air measurements were not concurrent and therefore ratios assume that neither firn nor ambient air concentrations changed significantly over two subsequent -20 min sampling intervals of fim and ambient air. In 2 cases, at site 01-5 and 02-2, ambient levels of H202 were higher than in the fim. On the other hand, MHP mixing ratios exhibited no significant differences, partly due to increased scatter during the sampling of fim air.
All fim-air results are from channel 1. When firn air was sampled HPLC data showed large scatter and H202 values 2-3 times those from channel 1, and were therefore discarded.
Our firn air experiments were generally done on calm days; wind speeds were close to zero at site 01-5 and less than 4 m / s at the other sites, where measured (02-1 and 02-5). 
Modeling results
The photochemical box model was run at two sites representing two extrema of conditions covered by ITASE. First, Byrd is a site at lower elevation and latitude with noticeable H202 by dry and wet deposition, which may also be why ratios in coastal Antarctica are higher than in continental air. The highest ratios measured on ITASE, during a storm event at site 02-2,
were not due to depleted H202 but rather a consequence of elevated MHP (Figures 3c and 4c concentrations determined with the bulk method during times when the sun is at its minimum elevation during the polar day should, if uncorrected; be interpreted with caution.
Factors controlling the variability of ROOH
Both photochemical and physical sinks and sources as well as local meteorological conditions (atmospheric water vapor, air temperature, surface U V radiation) affect the variability of trace chemical species in the atmosphere. These not only differed across the ITASE sites, but also varied during the measurement periods. Therefore our results contain both temporal and spatial variability (Figures 3 and 4) . Thus it is unlikely that H202 at locations, in the interior of Antarctica in summer time, even during meteorological situations that facilitate fast transport fiom the coast, is impacted by distant off-continent source regions. In the case of MHP long range transport might play a role at WAIS locations closer to the coast due to the smaller sensitivity to heterogeneous removal and therefore longer lifetimes, however our observations lack any sudden changes in concentration to support this.
Stratospheric ozone
The Table 3) . MHP formation is suppressed at lower NO levels than is H202 and shows a rapid decline as NO increases (see below).
There is a time lag between changes in 0 3 burden and the response in H202 at the surface 
Atmospheric oxidation capacity
Since calculated hydroperoxides in our box model runs were highly sensitive to the NO, background (not measured) the NO source term in the model was set to achieve modeled ambient NO levels within the range of existing measurements in Antarctica. The sensitivity study showed that in a low NO, regime (Byrd), Hz02 increases linearly with NO and after reaching a maximum at 10 pptv drops off quickly (Figure 12a ) due to the competing conversion of HOz into OH by NO (R5). The decrease in MHP at higher NO is even more pronounced, since two reaction channels consume respective precursors H02 and CH300 at the same time, R5. producing again more OH and R6 forming HCHO. According to this model it is hard to sustain elevated MHP at the high NO mixing ratios observed at the South Pole, since MHP decreases rapidly at NO levels rising beyond 40 pptv at the South Pole (Figure 12b ). Lab experiments provided evidence that reaction of ozone with alkenes can yield alkylperoxides including MHF' under dry conditions [Gab, et al., 1995; Horie, et al., 19941 . Another possible mechanism is the photooxidation of acetone, CH3(CO)CH3 + hv + O2 + CH300 + CH3C (0) However, formation mechanisms for organic hydroperoxides are in general still poorly understood and further field measurements including other possible organic precursor species are required to understand MHP sources in the remote environment.
Predictions of NO (OH
. Conclusions
First, it is important to note that the US ITASE ground traverse served as an excellent 
Popular Summary
The troposphere above the West Antarctic Ice Sheet (WAIS) was sampled for hydroperoxides at 21 locations during 2-month-long summer traverses from 2000 to 2002, as part of US ITASE (International Transantarctic Scientific Expedition) . First time quantitative measurements using an HPLC method showed that methylhydroperoxide (MHP) is the only important organic hydroperoxide occurring in the Antarctic troposphere, and that it is found at levels ten times those previously predicted by photochemical models. During three field seasons, means and standard deviations for hydrogen peroxide (-02) were 321k158 pptv, 65M176 pptv and 33W147 pptv. While MHP was detected, but not quantified in December 2000, levels in summer 2001 and 2002 were 317*128 pptv and 304*172.2 pptv. Results from firn air experiments and diurnal variability of the two species showed that atmospheric HzOz i s significantly impacted by a physical snow pack source between 76 and 90 O S , whereas MHP is not. We show strong evidence of a positive feedback between stratospheric ozone and H202 at the surface. Between November-27 and December-12 in 200 1 , when ozone column densities dropped below 220 DU (means in 2000 and 2001 were 318 DU and 334 DU, respectively), H202was 1.7 times that observed in the same period in 2000 and 2002, while MHP was only 80% of the levels encountered in 2002. Photochemical box model runs suggest that NO and OH levels on WAIS are closer to coastal values, while Antarctic Plateau levels are higher, confirming that region to be a highly oxidizing environment. The modeled sensitivity of H z 0 2 and particularly MHP to NO offers the potential to use atmospheric hydroperoxides to constrain the NO background and thus estimate the past oxidation capacity of the remote atmosphere.
